Introduction
Poly(N-isopropylacrylamide) (PNiPAM) thermoresponsive or pH sensitive microgel particles have recently been shown to be promising systems to stabilise responsive emulsions. [1] [2] [3] [4] [5] [6] [7] These particles are surface active and spontaneously adsorb to liquid interfaces. The stability of microgel-stabilised emulsions depend on their cross-linking density, 7, 8 protonated state, 1,2 and temperature. 5, 9 In contrast, electrostatics has neither impact on the microgel organization at the oil-water interface nor on emulsion stability. 10 The mechanisms for emulsion stabilisation and destabilisation are not well understood and are the subject of intense research, the results of which have been summarized in recent reviews. [11] [12] [13] Recent studies have focused on the adsorption kinetics and conformation of particles in emulsions and at model interfaces. Unlike the usual hard colloidal particles, soft microgel particles can deform as they adsorb at interfaces and their conformation is theoretically governed by a balance between bulk elasticity and surface tension. 14, 15 Experimentally, the cryo-SEM images of emulsion droplets have shown that PNiPAM microgel particles can spread as they adsorb at the oil-water interface at a low surface coverage and adopt a 'fried-egg' structure. [6] [7] [8] 16, 17 This conformation is due to the fact that the cross-linking density of these microgels is not homogeneous and decreases toward the periphery of the particles. Therefore, they have a core-shell structure where the core is more strongly cross-linked and less deformable than the corona, which is composed of dangling PNiPAM arms. Moreover, Geisel et al.
showed experimentally that the hydrated cores protrude into the oil phase. 18, 19 As the cross-linking density of such microgels decreases (more deformable microgels), it has been shown that their packing at droplet interfaces (center-to-center distance) does not vary, whereas the interpenetration of the dangling chains increases. 7, 8 Several studies have focused on the spontaneous adsorption of microgels in model geometries, using particle tracking techniques at a flat interface, 21, 22 the pendant drop method 5, [22] [23] [24] [25] [26] or Langmuir trough experiments. [25] [26] [27] Interestingly, particle tracking studies performed recently showed that the particles eventually form clusters, 20, 21 the origin of which is still unknown.
Spontaneous adsorption studies have revealed the influence of the microgel concentration on the adsorption kinetics. 22, 25, 26, 28 At high microgel concentrations the adsorption kinetics are very fast leading to large decreases in the interfacial tension and consequently to high surface pressures. In turn, the adsorption kinetics and concentration control the conformation of the particles. At low surface pressures the microgel particles reach a 'spread' conformation, while at high surface pressures the microgels are forced into more densely packed layers. 25 The conformation of the particles influences their interpenetration and, therefore, the surface viscoelasticity as well as the stability of emulsions with respect to handling. By combining Langmuir trough compressions and oscillating bubble experiments, Pinaud et al. have found that at a low surface coverage the surface dilational elasticity is low as the particles are far from each other in a spread conformation. 25 As the surface coverage increases, particles come into contact and the surface dilational elasticity reaches the maximum as particles become interpenetrated; at larger surface compressions the surface dilational elasticity decreases because some polymer segments of the particles can partially desorb upon compression. The role of cross-linking density on the dilational elasticity and compressibility of the layers is not trivial. Pinaud et al. 25 found that the cross-linking density influences the compressibility only at large compressions. Consistently, the dilational elasticity of microgel layers, which is obtained at low deformations using the pendant drop method, was shown not to depend on the cross-linking density. 25 However Geisel et al. 29 studied the compression of core-shell and hollow shell microgel particles in a Langmuir trough and found that at low compressions, the cross-linking density decreases the compressibility of the layers, while at large compressions, larger cross-linking densities favour large compression elasticity. This nontrivial behaviour is due to a competition between desorption of polymer segments at low compression and network deformation at large compression. Brugger et al. performed surface elasticity measurements of interfaces covered with microgels composed of NiPAM and acrylamide monomers which are charged at high pH and uncharged at low pH. 23 They found that the surface shear and dilational elasticity is larger at high pH when the particles are charged and the microgels are partially interconnected, providing a soft gel-like interface. The conformation of the microgel particles also plays a role in the behaviour of thin liquid films and bridging phenomena in emulsions. The studies performed on emulsions stabilised by microgels have revealed that such emulsions often exhibit adhesion between drops arising from bridging of the surfaces of two neighbouring drops by particles shared between the two droplet interfaces, as evidenced by Cryo-SEM experiments. This adhesion depends on numerous factors such as:
(i) the cross-linking density: at a fixed microgel size, the more cross-linked the microgels the more adhesive the drops. 8 (ii) the microgel size: the larger the microgel the more adhesive the drops. 30 (iii) the stirring energy: a higher energy input favours adhesion. 31 All these parameters have been proposed to merge into a single proposition: ''adhesion is promoted by a low polymer density and the existence of polymer density fluctuations parallel to the surface''. 13 To our knowledge, the dynamics of thin-liquid film drainage which leads to these bridged layers of particles has never been studied in great detail. In this study, to complete the previous studies performed either on emulsions or on single model airwater or oil-water interfaces, we seek insight into films. We investigate the drainage dynamics of horizontal aqueous thin liquid films suspended in air (i.e. foam films) prepared using microgel suspensions at varying concentrations and crosslinking densities under controlled increments of hydrostatic pressure. We chose to investigate thin liquid foam films rather than emulsion films (water films suspended in oil) because they are easier to investigate experimentally. However, we show in this article that the behaviour of these suspended foam films is very similar to emulsion films observed in situ in emulsions.
The cross-linking densities of 1.5 and 5 mol% have been chosen because of the very different adhesion angle between drops. We chose two microgel concentrations (0.1 and 1% wt) in order to investigate two significantly different adsorption kinetics. We found that the particle concentration has a strong influence on the drainage dynamics. At the lowest concentration, the thin films tend to drain faster and show adhesion between the interfaces while at a larger concentration the films reach larger thicknesses and are less likely to show bridging. Calculations based on the film thickness enable the extraction of a rough estimation of the conformation of the particles, i.e. their adsorbed radius at air-water interfaces. We show that at 0.1% wt the particles are in a spread conformation while at 1% wt the particles are in a compressed conformation. Consequently, the 1% wt sample tends to drain slowly and forms very stable bilayers while the 0.1% wt films are adhesive and show bridging, which is favoured by the low surface coverage. Moreover, we found that for a given concentration the microgels with larger cross linking density tend to drain faster and form more adhesive thin-liquid films than less cross-linked microgels. At the lowest concentration and highest cross-linking density, we observe micrometric zones which are depleted of microgels. As a consequence, at rest the films made with highly crosslinked microgels are less stable than those made with the less cross-linked particles.
Experimental

Materials
The microgels were synthesized by aqueous free-radical precipitation polymerization of N-isopropylacrylamide and N,N 0 -methylenebisacrylamide, according to the procedure described in ref. 7 . Microgels were then characterized by dynamic light scattering. Two batches of microgels having different cross-linking densities were produced. The microgels with 1.5 mol% BIS have a hydrodynamic diameter of 770 nm at 25 1C and 260 nm in the collapsed state. The microgels with 5 mol% BIS have a hydrodynamic diameter of 660 at 25 1C and 280 nm in the collapsed state. To produce fluorescent microgels, acryloyl fluorescein (0.1% wt with respect to NiPAM) was introduced in the polymerization reaction.
Methods
The experimental apparatus was adapted from the thin-film pressure balance apparatus as described by Mysels and Jones, 32 modified to be more suitable for films with poor stability. Films were formed within a 2.0 mm diameter, 0.8 mm height hole, drilled into a porous glass plate, as shown in Fig. 1 . The plate is attached to a vertical 8 mm syringe with tubing, which acts as a reservoir. Small holes open the syringe to balance the air pressure inside with that upon the film. The syringe is mounted on a micrometer adjustable vertical plate such that its height, and hence the hydrostatic pressure upon the film, can be precisely adjusted. The disk is encased in a humidified plastic chamber to prevent evaporation. The temperature of the room is controlled through air conditioning, and set at 21 AE 0.5 1C.
The pressure imposed upon the film is given by P = Drgh, where Dr is the density difference between the solution and air, g is gravitational acceleration and h is the vertical distance between the surface of the reservoir and the film. The diameter of the reservoir is much larger than the capillary length of the solution such that the curvature of its interface does not contribute significantly to the pressure. The volume of solution drained by the application of pressure has a negligible effect upon the volume within the reservoir. In all experiments reported here the applied pressure P was 15 Pa.
Above the film a reflected light microscope is mounted, with a white light lamp illuminating the film. Reflected light from the film is then split by a beam splitter into both a colour video camera (Cyberlink PL-B776U) and a spectrograph (Specim V8E) connected to another video camera. The spectrograph provides the wavelength-dependent intensity for a line across the image. The wavelengths of the maxima and minima of interference occur
and l ¼ 2nt m , respectively, where n is the refractive index of the solution, t the thickness and m = 1, 2, 3,. . .. The refractive index of the solution is calculated according to a linear combination by the concentration of the wavelengthdependent refractive index of pure water 33 and pure PNiPAM. 34 As explained in SI1 in the ESI †, as the microgel particles have been shown to be incompressible 35 and their refractive index is close to that of water, their deformation and change in concentration in the film during drainage has no significant contribution to the overall refractive index of the film, and hence on the thickness measurement. The thickness profile of the film is attained by finding the maxima and minima. The experimental procedure begins with the formation of a film in the hole with a drop from a pipette. The initial film is set at 50 mm thickness, at which the surface is non-interacting (Fig. 1b) . The system is allowed a set adsorption time for microgels to diffuse and adsorb to the surface. Unless otherwise specified, the adsorption time for 1% wt was 20 minutes and for 0.1% wt 40 minutes, chosen to allow sufficient diffusion time, based on ref. 25 . Then, the hydrostatic pressure is applied in one step and the film begins to drain (Fig. 1c) . Once drainage is complete, the adhesion between the interfaces is tested. In order to do this, the hydrostatic pressure is removed from the film to re-swell the film. Measurements of the contact angle in the Plateau border begin with interferometric measurement of the thickness of the plateau border by the film edge using a 100Â microscope objective (Olympus LM PlanFI 100Â/0.80) and a spectrometer. A linear profile is fitted to these measurements and the angle this line makes with the horizontal plane is equal to 2y adh .
For films with a symmetrically centred dimple, interferometric measurements give the film thickness profile of the central line. By modelling the dimple as two spherical caps resting on a cylindrical volume with the thickness of the surrounding film, the model profile is fitted to the measured profile and the volume of the model system is calculated. For films in which the dimple is asymmetrically placed but still within the line measured using the spectrometer, the distance of the centre of the dimple from the spectrometer line is measured in the video microscope image, and introduced as a parameter of the model.
Film drainage experiments of microgels labelled with a small quantity of fluorescein were performed as described above for nonlabelled microgels, however with a filter cube (Olympus U-MWIBA3) in the light path to select excitation and observation wavelengths at 460-495 and 510-550 nm, respectively. The presence of fluorescein in the microgels had no observable effect on their behaviour.
Results
Behaviour of the 1.5 mol% BIS microgels
We investigate the drainage dynamics of foam films made with 1.5 mol% BIS microgels at two particle concentrations, 0.1 and 1% wt. The 1% wt foam films drain in approximately 1500 s to reach a film of thickness 1070 nm (Fig. 2) . In the first stage, the films form a 'dimple', a spherical cap, which becomes thinner over time. Dimples are known to form because of the pressure gradient in the thin liquid foam films during drainage 36, 37 as the pressure is larger in the centre of the films than on the edge. In the case of the 1.5 mol% BIS microgels at 0.1% wt, we find that shortly after applying the pressure a thin liquid foam film of a uniform thickness of 340 nm invades the film and traps a spherical dimple (Fig. 3 ). This symmetric dimple drains into the 340 nm thin barrier ring in 1500 s. Symmetric drainage is usually observed when a high surface viscosity stabilises thin liquid films. 36, 37 After 2200 s, the foam film thickness becomes homogeneous. The large difference in thickness, 1070 nm versus 340 nm, obtained at high and low concentrations, respectively, could be caused by a possible transition from bilayer to monolayer of microgels in the film in the case of low concentration, i.e. a monolayer of microgels that bridge the interfaces. As bridging is known to induce adhesion between the interfaces, we probe in the following section, the adhesion between the interfaces by reducing the applied pressure back to zero.
Adhesion between the interfaces. By reducing the hydrostatic pressure to zero, it is possible to re-swell the film with water from the plateau borders. By measuring the adhesion angle, i.e. the angle between the film and the meniscus, we can probe the adhesion between the interfaces. Indeed,
with P dis being the disjoining pressure, h the thickness of the film, g aw the air water interfacial tension, and y adh the contact angle in the meniscus.
As shown in Table 1 and Fig. 4a and b, in the case of the 1% wt sample, we find that the meniscus recedes immediately and the adhesion angle, which is initially equal to 0.11 before the pressure reduction, remains constant after the pressure is reduced. We note that the contact angles that we measure are of the same order of magnitude as those commonly obtained for thin-liquid films standing in air. 38 For the 0.1% wt sample ( Fig. 4c and d) , the initial contact angle y adh is 21 (Table 1) .
Shortly after decreasing the pressure, the meniscus remains pinned until the contact angle increases to 61 and then starts receding. From this adhesion angle, using eqn (1), taking g aw B 40 mN m À1 , 21 we deduce that the energy of adhesion per unit surface is of the order of 0.5 mJ m
À2
. From these measurements, we conclude that a lower concentration promotes adhesion between the two interfaces of the film and that the microgel particles probably bridge the interfaces of the film in the case of the 0.1% wt sample. These results are consistent with Destribats's study, 8 which reported partial bridging between emulsion droplets in the case of 1.5 mol% BIS microgels. Their Cryo-SEM images show that micron-sized regions of various thicknesses coexist within the films corresponding to monolayers and bilayers. Although we measure a larger angle between the interfaces for the 0.1% wt sample, we do not have enough spatial resolution to determine whether the film is composed of a uniform monolayer of particles or whether both configurations coexist.
2. Behaviour of the 5 mol% BIS microgels at concentrations of 0.1 and 1% wt 2.1. Case of the 0.1% wt sample. In the case of the 5 mol% BIS microgels at 0.1% wt (Fig. 5) , the drainage dynamics at short times is very similar to the one observed for the 1.5 mol% BIS microgel at 0.1% wt. We observe a dimple which drains within a film of uniform thickness B400 nm. The film is slightly thicker than the 1.5 mol% BIS one, possibly because more densely cross-linked microgels are more rigid and spread to a lesser extent at the interface. We also note that the shape of the dimple is less symmetric than for the soft microgels. This can be caused by lower surface viscosity 36, 37 due to less interpenetration of microgels. For more densely cross-linked microgels, the film thickness is much less homogenous than the microgels with lower crosslinking density; immediately after nucleation of the 400 nm film, its thickness varies by tens of nm in regions a few mm across, visible as the white and red texturing in Fig. 5 . Over longer times, however, this inhomogeneity becomes much more pronounced through a process resembling spinodal decomposition, 39, 40 where thinner (whiter) spots deepen and occasionally coalesce on the film, eventually forming much larger thin circular zones, as demonstrated in Fig. 6a . After several hundred seconds, the larger zones (20 mm diameter) can be as thin as 110 nm in their centres. The profile of a thin zone measured using a 100Â objective is shown in Fig. 6b . Once these thin zones appear in the film breakage is more likely. To determine whether microgel particles are present in these thinner zones, we performed fluorescence measurements using fluorescent microgels and a high-sensitivity camera. As shown in Fig. 7 the fluorescence intensity is very low in the thin zones, whereas microgels can be individually resolved at their edges. There are therefore no microgels in the 110 nm region. These depleted zones could lower the life time of the present foam film as the film is no more protected against rupture by microgels. Also, the transient stability of these zones can be explained by the fact that to empty these zones, the water has to drain slowly through the microgel compressed particle layer around.
Unlike the 1.5 mol% BIS microgel foam films, under the same experimental conditions, the 5 mol% BIS microgel foam films can exhibit two possible surface behaviours consistent with different surface concentrations (see SI3, ESI †). The lack of homogeneity in the film thickness probably reflects the lack of homogeneity in the packing density of the two single air-water interfaces, which are forced into contact to produce thin foam films upon pressure application. Such gradients in packing density may appear during the adsorption time and probably remain stable because the Brownian motion of these microgel particles is very slow at interfaces 21 and they tend to form clusters at liquid interfaces. 20, 21 Adhesion experiments performed on the 0.1% wt films show that the angle, y adh , increases from 2.7 to 81 as the pressure is released illustrating the adhesion phenomenon between the interfaces. From the value of the angle we find an adhesion energy of B1 mJ m À2 , which is two times larger than the one measured for the 1.5 mol% BIS microgels, showing that increasing the cross-linking density leads to an increase of the adhesion energy. This observation on a single foam film is again similar to the observation of Destribats et al. 8 on emulsions.
We note that our adhesion energies are an order of magnitude lower than the ones we can estimate from Destribats's adhesion angles measured between emulsions droplets. However, in their study they used much smaller particle concentrations and their emulsification process involved a high shear force which favoured the spread conformation and bridging. 2.2. Case of the 1% wt sample. As the concentration is increased to 1% wt the short time behaviour is similar to what we observed for the 1.5 mol% BIS microgels at 1% wt, i.e. a flat foam film of thickness 800 nm is obtained after 1400 s (Fig. 8) . On a longer time scale, in some cases, we observe 450 nm thin zones nucleating in the foam film, however, the 450 nm regions never spread all over the film (Fig. 8b) . When the pressure is released on such films, the 450 nm thin regions remain pinned in the foam film while the thicker parts swell quickly (Fig. 8c) . The 450 nm regions are therefore adhesive and correspond to particle bridging. These results confirm that the 5 mol% BIS microgels favour bridging in thin liquid foam films.
3. Influence of the cross-linking density on the dimple drainage dynamics for the 0.1% wt samples Fig. 9 presents the time evolution of the volume of the draining dimple trapped in the microgel adhesive thin liquid foam films for the 5 mol% BIS and 1.5 mol% BIS microgels at 0.1% wt. We find that the dimple drains faster for the 5 mol% BIS microgels than for the 1.5 mol% BIS microgels. From the drainage dynamics, we can estimate a global permeability of the microgel layer surrounding the dimple using Darcy's law, which describes the flow of liquids in porous media under a given pressure difference. Here, we consider the flow of water from the dimple to the meniscus, through the flat film of uniform thickness, in a cylindrical geometry,
where Q is the flow-rate in m 3 s
À1
, k is the permeability in m 2 , h is the thickness of the film (400 nm for the 5 mol% BIS microgels and 340 nm for the 1.5 mol% BIS microgels), m is the water viscosity, DP is the pressure difference between the dimple and the film due to the curvature of the dimple, and R film and R dimple are the radii of the foam film and dimple, respectively. We obtain the same permeability for both systems, . From this permeability we deduce the characteristic length scale, l B k 1/2 , which can be viewed as the typical width of the channels in which the water flows during the drainage. We find l B 500 nm for both microgels. This length is consistent with the order of magnitude of the space between the particles in a close packing configuration and much larger than the mesh size of the polymer network the particles are made from. This shows that the water rather flows around the particles than through them. From this calculation we deduce that the faster drainage observed for the 5 mol% BIS particles is mostly due to the fact that the corresponding film thickness, h, is larger, leading to a larger flow rate.
4. Discussion on the influence of the cross-linking density and concentration on the drainage dynamics, film thickness and bridging phenomenon 4.1. Summary of our main results and comparison with previous results on emulsions. Our main observations, summarized in Table 1 , are as follows -The microgel concentration controls the adhesion between the thin liquid foam film interfaces. The lower microgel concentration film shows bridging and has a thickness of one monolayer. Conversely, we did not observe adhesion or bridging at the larger concentration. In the latter case, the films have the thickness of a bilayer.
-The more densely cross-linked microgels lead to larger adhesion angles (2.7 to 81 versus 2 to 61 at the low cross-linking density). The more densely cross-linked microgels drain more quickly, tend to present depleted zones that grow over time and lead to more unstable films.
These results present striking similarities with previous observations made for water in oil thin films observed in situ in emulsions.
-Bridging is observed for emulsions prepared in the limited coalescence regime, i.e. in a particle poor regime where the particles are in a spread conformation at interfaces. Under these conditions, bridging is favoured for more cross-linked microgels.
-The stability of emulsions with respect to handling is lower for more cross-linked microgels because of a lower lateral interpenetration and more protruding microgels in the water phase as they are less deformable. Consistently, in our study, the foam films made with the more cross linked 5 mol% BIS microgels at low concentration are thicker.
-At the larger concentrations, microgels spread to a lesser extent and are in a more compressed conformation. The connection between droplets is less probable and non adhesive bilayers are observed.
There is a fascinating similarity between the two types of interfaces and systems, i.e. air-water interfaces in a single thin liquid foam film and oil-water interfaces in emulsions, although the interfacial tensions involved are a bit different. Such a resemblance between a model foam film and a collection of emulsion films is rare. This is even more surprising as the process used to produce these two types of interfaces is very different. A strong shear energy is used to produce emulsions unlike the foam films in the thin-film pressure balance set-up. In fact the structure of the layers, such as the percentage of bridging particles in an adhesive film, may be different for both systems. We expect more particles bridging in the case of emulsions as a strong stirring energy favours a spread conformation. However, these two parameters, surface tension and stirring energy, do not seem to influence the variation in films' behaviour with respect to parameters such as cross-linking density and particle concentration.
4.2. Number and conformation of particles deduced from the film-thicknesses. The goal of this section is to obtain a rough estimation of the adsorbed radii of the particles at air-water interfaces from the measured film thicknesses and to deduce the conformation regime, i.e., spread or compressed, of the particles for the two concentrations investigated. The notations of the following calculation are sketched in Fig. 10 .
First, using a confocal microscope, we measured the number of particles per unit volume in the thick film c bulk (see SI2, ESI †) and deduce N total , the total number of particles in the thick film for the 0.1 and 1% wt samples.
with V thick-film being the volume of the thick film (see SI2 (ESI †) for an estimation of V thick-film ). Then, we estimate the order of magnitude for the number of particles in the thin liquid foam film, N thin-film , from the thickness of the film, assuming a perfect packing of the particles in the film (volume fraction equal to 1) and that the particles are incompressible, 35 i.e. they maintain a constant volume as they adsorb, as follows: where R is the radius of the thin liquid foam film, r H the hydrodynamic radius of the microgel particles in solution and h the thickness of the film. We note that microgel incompressibility has been demonstrated in bulk solutions; 35 however, at interfaces, PNiPAM dangling arms may concentrate at the interface due to their high surface activity. Moreover, this calculation does not take into account the possible interpenetration between dangling arms, which are not cross-linked.
We then consider that the number of microgels in the thin liquid foam film, N thin-film , is equal to the number of particles initially adsorbed, N ads , at the two interfaces of the film of radius R before applying the pressure. We therefore assume that excess of particles in the thick film are ejected into the Plateau borders during the drainage. Therefore, we write
where r ads is the radius of the microgels adsorbed at the interface before applying the pressure. We assume here that the surface fraction is 0.9 at the interface corresponding to a 2D hexagonal close packing configuration as often evidenced by imaging.
From eqn (5), we deduce the expression for r ads :
The values of N ads , N total and r ads are summarized in Table 2 . For the 0.1% wt sample, r ads is larger than the hydrodynamic radius of the particles meaning that the particles are in a spread conformation. At this low concentration, the 1.5 mol% BIS microgels spread to a larger extent than the 5 mol% BIS microgels, because of their smaller network elasticity, ultimately leading to thinner films (400 versus 340 nm) as the pressure is applied.
For the 1% wt sample, for both cross-linking densities, r ads , is lower than the hydrodynamic radius of the particles, corresponding to the so-called 'compressed' state in ref. 25 , where the particles deform and stretch perpendicular to the interface.
As shown in Table 2 , we find that the number of particles available in the thick films for the 0.1 and 1% wt samples is respectively one and two orders of magnitude larger than N ads and N thin-film . This means that in all cases, there is a large number of particles in excess in the films, which are ejected in the plateau borders during drainage. Therefore, the large difference in surface coverage for the 0.1% wt and 1% wt samples cannot be accounted for by a large difference in the number of particles available.
We therefore learn from this simple calculation that the large difference in surface coverage for both concentrations cannot be due to the difference in the number of available particles in the thick film.
As stated by Geisel et al. 24 the conformation of the particles at the interface results from a balance between adsorption dynamics and spreading/compression dynamics of the particles. In the 0.1% wt case, adsorption is slower than in the 1% wt case. Therefore, particles have more time to spread at short times. Later, for new particles to adsorb, previously adsorbed particles have to compress to make space for incoming particles, which is unfavourable because of the elasticity of the particles. For the 1% wt case, the adsorption dynamics are much faster, more particles reach the interface at the same time, and therefore, particles may not have time to spread on the interface before touching each other. Because of the driving force for particle spreading, i.e. the increase of the contact of PNiPAM segments with the interface, the particles may spread into each other at longer times, causing a stronger interpenetration of the particles dangling arms. Therefore, the adsorption kinetics may influence the degree of interpenetration of the particles. 4.3. Correlation between thin liquid foam film dynamics and surface elasticity. The surface shear and dilational properties are known to play a role in thin liquid foam film drainage. 36, 37 We discuss here the link between our results and previous studies concerning surface elasticity as a function of the crosslinking density. By performing Langmuir trough experiments, Geisel 29 and Pinaud 25 have shown that the network elasticity of the microgel particles lowers the surface compressibility only at large compressions. Indeed at low compressions, the surface pressure of 1.5 and 5 mol% BIS microgels overlap. Consistently, the dilational moduli obtained at low deformation do not depend on the cross-liking density. However, at large surface compressions, the surface pressure of the 5 mol% BIS layer becomes larger than that of the 1.5 mol% BIS system. Thus, the network elasticity plays a role in the compressibility only at large deformations, when the cores are exposed to pressure. In our case, we clearly see that increasing the cross-linking density favours the bridging phenomenon. As we apply the pressure to force the two air-water interfaces to produce a thin film, the network elasticity of the particles probably plays a role as more rigid particles prefer rearranging to form a monolayer than compressing, while softer particles can compress more easily into a squeezed bilayer. Therefore, there is no direct correlation between small-amplitude dilational rheology measurements and the bridging phenomenon. However, performing large compressions in Langmuir trough experiments is an indirect way of predicting the behaviour of deformable particles under large deformation, which is involved in the bridging phenomenon. Let us now briefly highlight the fact that the larger crosslinking density microgels present a less symmetric dimple than the less cross-linked particles. Asymmetric dimples are known to be linked to a lower surface shear elasticity. Here, the lower interpenetration between the dangling arms for the 5 mol% BIS microgels probably favours a low shear viscosity. Owing to the low interpenetration and low spreading, the microgels are mobile enough to rearrange and provide space for particles to bridge.
To summarize, combining low shear viscosity and large compression elasticity at large deformation is correlated to easier bridging. In addition, the ability of the 5 mol% BIS microgels to rearrange in the films probably enables the depletion phenomenon observed for the 0.1% wt samples which leads to very unstable films.
Conclusion
We have investigated the drainage dynamics of thin-liquid films containing PNiPAM microgel suspensions with two cross-linking densities (1.5 and 5 mol% BIS) and at two concentrations (0.1 and 1% wt). At 1% wt, the films drain slowly, are not adhesive and have the thickness of a bilayer, while at 0.1% wt the films have the thickness of a monolayer, are adhesive and show bridging. From the thin liquid foam film thicknesses, we provide a rough estimation of the radii of adsorbed particles in the thick films before applying the pressure. Our results are consistent with particles being adsorbed in a spread conformation for the 0.1% wt sample and in a compressed conformation for the 1% wt sample. In line with previous studies on emulsions, we conclude that a larger surface coverage helps stabilize non adhesive bilayers, while a lower surface coverage favours bridging and adhesive films. At low concentrations, a dimple is trapped in the thin films and slowly drains through the bridged film. From its drainage dynamics, we deduce the permeability of the bridged layer and find that it is consistent with water flowing around the particles during drainage rather than through the polymer network of the particles.
Moreover, we find that the cross-linking density has a strong influence on the film dynamics. Films made with the 5 mol% BIS microgels drain faster, show bridging as well as a larger adhesion energy. Particle bridging in thin liquid foam films can be compared to previously observed bridging in emulsions. This makes emulsions unstable against shear. This effect of bridging on Pickering emulsion stability not only holds for microgel-stabilized emulsions, but is a more general phenomenon also observed for hard colloidal particles. 41 However, in the case of Pickering emulsions stabilized by microgels, this effect cannot be distinguished from another contribution arising from the particle deformability. Indeed, under shear, new contacts between drops are formed and involve microgels originally located at free interfaces. The ability of these microgels to flatten and to interpenetrate has been proposed to provide sufficient elasticity to prevent coalescence. Thus, microgels with the higher cross-linking density are less prone to such interpenetration while promoting bridging. The ability of the 5 mol% BIS microgels to bridge thin foam or emulsion films to a larger extent compared to the 1.5 mol% BIS probably explains why emulsions prepared with 5 mol% BIS microgels are unstable under mechanical disturbance. 8 Moreover, for the 5 mol% BIS microgels at 0.1% wt, depleted zones appear in the films, while this phenomenon does not occur for the 1.5 mol% BIS microgels. These depleted zones are more likely to lead to the rupture of the thin liquid foam films at rest as they are not protected against coalescence. This phenomenon is probably favoured by a low interpenetration between the particles and a low surface coverage.
